Abstract-This paper presents monostatic radar cross section (RCS) measurements of a human hand in the frequency range from 60 GHz to 90 GHz. These values are important parameters for system designs in the emerging field of radar-based gesture recognition. The measurement procedure is described in detail and results of four gestures at three different distances are depicted and analysed.
I. INTRODUCTION
Radar is nowadays used in many different applications and is becoming present in everyday life. In the automotive industries, radar is used for advanced driver assistance systems such as forward collision warning (FCW) or adaptive cruise control (ACC) [1] . These sensors can also be used for pedestrian detection by investigating the Doppler spectrum, the range profile, and the signal-to-noise ratio [2] . In [3] not only the detection of humans, but also the classification of human activities is investigated. Based on micro-Doppler signatures, seven different activities (e.g. walking, crawling, and sitting) can be distinguished. Gesture recognition is gaining more and more interest, and mainly camera systems and optical depth sensors are used [4] . A multi-sensor system consisting of a colour camera, a depth camera, and a frequency modulated continuous wave (FMCW) radar is presented in [5] . A solely radar-based solution focusing on the evaluation of rangeDoppler information is presented in [6] . Due to small physical dimensions and a growing number of available components, the 77 GHz band is promising for this type of application.
Evaluating design approaches for gesture recognition radar systems at 77 GHz requires a known RCS of a human hand. There are many publications dealing with the RCS of pedestrians at 77 GHz but only regarding the whole human body. According to [7] the frequency over azimuth average of a human wearing different kinds of clothes is suited between −7.7 dBsm to −3.0 dBsm. References dealing with the RCS of a human hand are not known to the authors. For a first estimation of an upper bound, a conducting metal sphere with the same radius r as a human fist (approximately 4 cm) is considered. The RCS under farfield condition (d > 2D 2 λ , with d distance, D the maximum aperture, and λ the wavelength) is basically defined as the ratio of uniformly scattered power density S s W/m 2 of a target to the incident power density
Regarding a perfectly conducting sphere, its RCS mainly depends on frequency and radius. The frequency dependency is expressed by the circumference of a sphere normalised to the wavelength 2π λ r = kr . According to [8] the RCS in the geometric optic region (kr > 10) can be approximated by its front face
In the other regions (Rayleigh and Mie region) the RCS varies a lot in a damped oscillating manner. Regarding the E-band (60 GHz to 90 GHz), kr is between 50 and 75. Under this condition, (2) 
II. EXPERIMENTAL SETUP
In this section the measurement of a monostatic radar cross section is described. First, the used equipment and the geometrical arrangement is explained. Afterwards, the measurement procedure and the RCS calculation are detailed.
A. Measurement setup
In order to minimise disturbances caused by reflections of the surroundings, all measurements are carried out in an anechoic chamber with a size of 7 m × 4 m. Data is acquired using a vector network analyzer (VNA) and millimeterwave converters to cover the whole E-band. Two identical standard gain horns (SGH) with G SGH = 25 dBi gain and a 3 dB beamwidth of 7
• are connected to the millimeterwave converters using WR12 waveguides. All measurement equipment is placed outside the anechoic chamber and the millimeter-wave converters with the antennas are mounted at a peephole pointing into the chamber forming a bi-static radar configuration. As just the hand is of interest, an absorber wall with a width of approximately 1.6 m and a height of 2.4 m is placed in the anechoic chamber to cover the human body. The wall features a hole to put through an arm or calibration objects at a height of a human shoulder (ca. 1.5 m). Regarding the approximate length of a human arm with 0.6 m, the antennas are focused on a point 0.4 m in front of the wall and 1.5 m above the ground with the help of a laser rangefinder. The used equipment is listed in Table I and Fig. 1 shows an overview of the arrangement. Fig. 1 . Sketch of the used measurement setup using two frequency converters and standard gain horns.
B. Measuring procedure
In order to have a fixed reference point, a TRL (through, reflect, line) calibration using WR12 standards is performed at the interconnection of the SGHs and the millimeter-wave converters. The VNA settings are as follows:
Measurement bandwidth (RBW): 100 Hz Number of points: 3001
For all regarded distances, firstly the backscatter of the empty chamber with absorber wall is measured and an inverse discrete Fourier transformation is applied using the VNA with a rectangular window. 
Measuring another object or gesture yields to
By dividing (4) by (5), rearranging and expressing it in logarithmic form, the RCS of the object can be calculated as
To validate the measurement procedure other objects with known RCS are used, e.g. corner reflectors and spheres of different sizes. For the distance d = 1.0 m a second metal sphere with radius 1.25 cm is measured and the RCS is determined using (6) . Fig. 3 depicts the result of the measured RCS σ meas , the arithmetic mean, and the theoretical value (calculation based on series of Bessel functions [8] ). Regarding the mean of the measured value as well as of the theoretical value, an amplitude offset of about 2.24 dB exists. Considering the 7
• 3 dB beamwidth of the SGHs and the small distance of 1.0 m, the illuminated area is just 6.1 cm compared to the diameter of the reference sphere. The offset could therefore be caused by a small misalignment of the calibration sphere and is added to the measured gestures for d = 1.0 m.
III. MEASUREMENT RESULTS
All four gestures considered for the measurement are depicted in Fig. 4 with the person behind the absorber wall putting his arm through the hole. The gestures namely fist, outstretched hand, palm, and back of the hand are chosen because with each imaginable hand movement one of these gestures will be occasionally present in front of a sensor. Measurements are carried out for all gestures stationary and for each distance d with the above explained measuring procedure and the corresponding RCS σ is calculated with (6) . For better comparability, also the arithmetic mean of the measured RCS mean (σ) is considered. It is not possible to extract only the hand and, therefore, the measurements will be influenced by the arm. However, this is no drawback as in later applications an arm will also be present. Fig. 5 (a) to (c) depict the results for a fist. For all three distances the characteristics of σ look quite similar. This is confirmed regarding the corresponding arithmetic mean (−34.2 dBsm, −36.2 dBsm, and −35.5 dBsm) which match good and differ by a maximum of 2.0 dB. As a human fist has not a simple geometry, ripples and notches occur caused by destructive interferences. Their position and deviation is sensitive to small movements of the arm (which could barely be suppressed), but the arithmetic mean keeps almost the same not differing more than 1.5 dB.
After investigating the fist, an outstretched hand gesture is analysed. It is expected that it has lower RCS values as the area facing the antennas is significantly smaller. The measurement results are plotted in Fig. 6 (a) to (c). As expected, the RCS is overall 5.0 dB lower and the arithmetic mean values for the distances are −38.2 dBsm, −40.9 dBsm, and −41.9 dBsm. The maximum deviation of the mean between the distances increases in comparison to the fist to 3.7 dB. The gesture itself is less plain and more spatially extended than the fist, hence the amount of ripple and notches caused by destructive interference are more dominant.
Next, the palm is measured. Since the area facing the antennas is increased compared to the fist and the outstretched hand, higher RCS values as for the fist are expected. Regarding
